Maintaining the stability of the genome is critical to normal cell growth and development. The early notion that cancer is the result of mutations in genes controlling cellular growth implied that gene or genome integrity is vital to the prevention of oncogenesis, and many genes and pathways that prevent genomic deterioration have been identified over the past decades. Recent progress in reverse genetic approaches, principally RNA interference, now allows the systematic analysis of gene function on a genomic scale in an animal system. Here, we discuss genomic approaches in the model organism Caenorhabditis elegans, aimed to identify genes and genetic networks that contribute to genome stability and are thus potentially involved in human carcinogenesis.
Introduction
DNA is chemically a rather reactive molecule: endogenous as well as environmental factors constantly cause damage to the DNA structure, which, if left unrepaired, can be converted to permanent changes (mutations) during DNA replication. It has been estimated that four to seven mutations are required for tumor formation (Renan, 1993 ) through a process analogous to Darwinian evolution in which a succession of genetic changes, each conferring some type of growth advantage, results in progressive conversion of normal human cells into cancer cells (reviewed in Hanahan and Weinberg, 2000) . The frequency of 'spontaneous' mutations in protooncogenes and tumor suppressor genes, however, is too low (in normal cells) to explain the lifetime cancer risk (Loeb, 1991) , reflecting the effectiveness of complex networks of DNA monitoring and repair enzymes that have evolved during evolution to maintain genomic integrity (Friedberg et al., 1995) . Yet, cancers do appear, which led to the idea that tumor cells must acquire increased mutability, also called a mutator phenotype (Loeb, 1991; Loeb et al., 2003) . This property, broadly defined as an enhanced level of spontaneous mutations of any kind, principally enhances the chance of several specific mutations to coincide in a single cell. In support for this mutator hypothesis, most (if not all) human cancers display some form of genomic instability, and many inherited cancer predisposition syndromes result from defects in DNA repair or DNA-damage checkpoint pathways (reviewed in Hoeijmakers, 2001) .
Genetic screens performed in model organisms, primarily the bacterium Escherichia coli, and the lower eukaryotes Saccharomyces cerevisiae and Saccharomyces pombe have been critical for the identification of many genes and pathways contributing to genomic stability (Miller, 1998; Carr, 2002; Chang et al., 2002; Kolodner et al., 2002) , however, additional mutator genes are still to be discovered. Previous forward screens in these systems have not achieved a level of saturation, as was strikingly illustrated by the recent identification of many novel mutator genes via high-throughput reverse genetic approaches in S. cerevisiae: systematically testing a collection of almost 5000 gene deletion mutants for increased levels of spontaneous mutations in a specific mutational target yielded many previously uncharacterized mutation-suppressing genes (Huang et al., 2003) . In addition, screening this mutant collection for deletion strains that show an increased sensitivity to DNA insults caused either by radiation (ionizing or UV) or the DNA-damaging agent methyl methanesulfonate resulted in a profound increase in the number of genes involved in the cellular response to exogenously induced DNA damage (Bennett et al., 2001; Chang et al., 2002; Hanway et al., 2002) .
Despite its power, there are also some hurdles to the current genome-wide approaches in yeast. A practical drawback is the need to cross the complete deletion library into an indicator strain -the deletion alleles are obviously in an otherwise wild-type genetic background -if the assay for specific biological function of choice includes a genetically engineered condition. Perhaps more importantly, despite the high degree of conservation in DNA-damage response pathways between yeast and human, S. cerevisiae is a unicellular eukaryote and thus lacks (by definition) all biological processes common to multicellular organisms. This is particularly relevant to the apoptotic response to extensive DNA damage; yeast lacks the main regulators of apoptosis, such as p53, a gene mutated in over 50% of all human cancers.
The small metazoan organism C. elegans has thus far proven to be an excellent model system for many fundamental biological processes, such as development, neurobiology and signal transduction. We believe that this model organism can be a useful addition to the current systems to study mutator genes and cancer biology, and can complement and extend the current high-throughput gene-inactivation approaches performed in yeast: it combines the advantage of a multicellular organism, with the ease of temporal geneinactivation through RNA interference (RNAi: the specific degradation of mRNA upon exposure to homologous double-stranded RNA (dsRNA)). RNAi in C. elegans occurs systemically: dsRNA provided in the diet can be absorbed from the gut lumen and distributed throughout the body, triggering RNAi in tissues that are not exposed to the initial dsRNA trigger . This remarkable feature makes C. elegans particularly suitable for high-throughput approaches because food is easily supplied: temporal loss of function phenotypes can be obtained just by feeding animals on bacteria that produce dsRNA homologous to a nematode gene (Timmons and Fire, 1998) , and the feasibility of genome-wide RNAi screens has been dramatically improved recently with the generation of a library of bacterial strains that each produce dsRNA targeting an individual C. elegans gene (Fraser et al., 2000; Kamath et al., 2003) . This powerful tool now allows the study of gene function on a genomic scale on wild-type but also on genetically engineered marker strains, provided that the analysis is scalable. Here, we will discuss how genome-wide RNAi screens are or can be used to identify C. elegans mutator genes, thus enabling the analysis of genome stability in a multicellular environment.
Mutator phenotypes in C. elegans
Despite the fact that C. elegans does not develop tumors/cancer (it has only 959 somatic cells and lives for about 2 weeks), it has some characteristics, such as excellent genetics, a short generation time and the ability to grow animals in large cultures that make it an effective system to study the underlying processes of DNA instability. A particular advantage in using this diploid organism is that it can be (and usually is) maintained as self-fertilizing hermaphrodites: (rare) spontaneous mutations can homozygose in self-progeny, thus recessive mutations in genes that grossly affect body morphology or movement are easily recognized on a culture plate. Although C. elegans can be grown in liquid, animals are usually cultured on agar plates with a bacterial lawn as a food source, which means that approximately 10 4 animals can be visually inspected on a standard 9 cm Petri dish. The spontaneous mutation frequency in wild-type worms is so low that animals can be kept in culture for many generations without the occurrence of any recognizable mutant offspring. In contrast, strains with increased genomic instability can be recognized by the frequent occurrence of different types of mutants (body morphology and coordination defects are most noticeable).
A mutator phenotype as the result of DNA transposition Research on genome stability or mutator genes in C. elegans has mainly focused on DNA transposition (reviewed in Anderson, 1995; Plasterk and van Luenen, 1997) . Transposons are mobile genetic elements that can jump around in the genome of their hosts. Some types of DNA transposons are fairly simple: encoding only one protein (the transposase) that is required and sufficient for the transposition reaction, that works via a simple cut and paste mechanism: liberating the transposon at the donor site followed by reintegration at another genomic location ( Figure 1a) .
Transposition thus poses the genome with two problems: (i) a double-strand break (DSB) at the donor site where the element has been excised and (ii) a novel insertion at a new location that could interfere with gene function. DSBs that result from transposon excision are preferentially repaired via homologous recombination using the homologous chromosome as a template (Plasterk, 1991) . As a consequence of this mode of repair, the tranposon multiplies: a net gain of one copy (the old copy at a novel site, while a new version is copied back into its original location). The DSB can also be repaired via nonhomologous end joining (NHEJ); however, quantitative measurements of transposon excision revealed that this is the least favorable option. In this case, no extra copies are introduced: the transposon only changes position, although a footprint often stays behind at the empty site as the result of the imperfect nature of NHEJ. This means that active transposition induces mutations by jumping into genes, thus interfering with gene function; however, reversion of a mutant phenotype can also take place, when the transposon hops out of a gene and subsequent DNA repair leaves a footprint that does not interfere with protein function (Kiff et al., 1988) . DNA transposition can thus be visualized either by the occurrence of novel mutations in easily recognizable target genes or by monitoring the restoration of wild-type function of a mutated marker gene that carries a transposon insertion (Figure 1b) .
The C. elegans genome encodes many copies of different types of transposons, but remarkably, although transposition readily occurs in somatic tissues, DNA transposons are kept silent in the germ line of most C. elegans strains including the canonical wild-type strain Bristol N2 (Collins et al., 1987) . This suggested the existence of a mechanism that prevents DNA transposition, thus protecting the succeeding generation from the associated detrimental effects. Indeed, mutants that have lost this silencing can be isolated (and even a natural variant exist: the Bergerac BO strain), and as a consequence of active transposition, these strains display increased levels of 'spontaneous' mutations, hence these mutant alleles have been named mut to indicate their mutator phenotype (Emmons et al., 1983; Collins et al., 1987) . As a result of high levels of genome instability such strains become sick and eventually die when maintained as individual clones, which illustrates the importance of taming the activity of such molecular parasites. To investigate the mechanism of transposon silencing, mutants have been isolated and subsequent classical cloning approaches resulted in the identification of a number of genes that are required to prevent active transposition. Surprisingly, many of these genes are also required for RNAi (Ketting et al., 1999; Tabara et al., 1999) , leading to the hypothesis that transposons are silenced via a mechanism similar to RNAi, and that RNAi might have a function as a natural defense mechanism (against transposons), thus safeguarding genome integrity (reviewed in Vastenhouw and Plasterk, 2004) .
Recently, a genome-wide RNAi screen was performed (using a unc-22HTc1 monitor strain) aimed to identify genes that, when inactivated, result in the mobility of DNA transposons in the germ line, such genes are thus mutator genes (Vastenhouw et al., 2003) . This might at (a) Transposition of the Tc1/mariner type of DNA transposons takes place via a cut and paste mechanism: a double-strand cut, made by the transposase protein, on both sides of the transposon (red) liberates the transposon, which can subsequently integrate at a novel genomic position. The drawing illustrates both aspects of inflicted genomic damage: (1) insertions into other genes can result in mutations, hence the mutator phenotype, and (2) the occurrence of a DSB that results from transposon excision that is either repaired via the homologous recombination or the NHEJ repair pathway. (b) Schematic representation of the assay that was used to perform genetic and genome-wide RNAi screens for mut genes. Animals that were paralysed because of a transposon insertion in the unc-22 or unc-54 genes were fed on dsRNA-producing bacterial clones each targeting a different C. elegans gene. Temporal alleviation of transposon silencing can restore UNC-22 or UNC-54 function upon transposon excision by faulty donor repair (see a). As such events are still rather infrequent, only a few revertants (wild-type moving worms) are observed on culture plates that are covered with paralysed animals first glance appear counterintuitive considering the fact that previously identified mutators were also required for RNAi, suggesting that these genes cannot be identified via RNAi because these proteins are themselves required to knockdown their own function. However, not all previously isolated mutator alleles display an RNAi deficiency (Ketting et al., 1999) , and in addition, several labs have successfully used RNAi to knockdown RNAi components (e.g. Dudley et al., 2002) . This screen identified 27 novel genes including at least one gene (mut-16) that is also essential for RNAi. Many of the genes that were identified are likely to play a role in protein biosynthesis or have mitochondrial function (based on earlier studies or amino-acid sequence motifs), and the question remains whether these proteins play a direct role in transposon silencing or whether knockdown of these genes by RNAi -note the fact that many of these genes are essential and complete loss results in lethality -change the cell homeostasis such that the tight control of transposition regulation is lost.
It remains to be established whether the orthologous proteins also protect the genomes of other species against genomic instability, in particular transposoninduced DNA rearrangements. Also, most if not all DNA transposons that are encoded by the human genome are remnants and are likely functionally dead. It is therefore still questionable whether a silencing mechanism similar to the one described in C. elegans operates in mammals. Note, however, the fact that approximately 45-50% of the human genome consists of transposon remnants, while the protein encoding fraction is only 2% (Lander et al., 2001) . It seems on the one hand logical that the activity of such parasites needs to be restrained to prevent them from taking over the complete genome; on the other, how efficient can such a mechanism be if the transposon load has already increased to such high proportions?
Genomic approaches to identify mutator genes
The assay that is used to monitor DNA transposition is ideal for the search of novel factors on a genomic scale, because it meets two criteria that appear to be crucial for the success of a genome-wide RNAi screen: (1) The manifestation of the phenotype, that is, the incidental recovery from paralysis, is relatively easy to score, and the frequency at which it occurs is high enough that inspection of a single culture plate is sufficient. It is thus scalable to 20 000 culture plates (the number of genes encoded by this organism's genome), each seeded with a different dsRNA-producing bacterial clone that targets only one C. elegans gene. (2) This specific mutator phenotype is robust and highly specific, in the sense that transposon jumps are never observed in the initial wildtype strain, meaning that discovering only one revertant animal in a population of roughly 10 4 (the number of adult animals that can be inspected on a 9 cm culture dish) already gives a good indication of a role for the targeted gene in transposon silencing. This implies that strong as well as weak mutators can be identified.
For other types of genome stability factors this is much more difficult, because the assays that are presently available to score for increased levels of mutation induction are often not (easily) scalable: they are either not sensitive or not specific enough to perform genome-wide hunts for mutator genes. Commonly used assays to quantify the frequency of mutations employ endogenous monitor genes: dominant alleles of unc-93 (unc for uncoordinated) and unc-58 are used to catch intragenic loss-of-function mutations that change the dominant paralysis phenotype into wild-type movement (Greenwald and Horvitz, 1980; Degtyareva et al., 2002) . Subsequent sequencing of the respective alleles in the reverted animals provides direct insight into the molecular nature of the mutations. Although loss of function alleles of strong mutator genes, such as msh-2 and msh-6 that are involved in the correction of DNA mismatches that occur during replication (reviewed in Buermeyer et al., 1999) , display a profound (approximately 30-50 fold) increase in the level of spontaneous mutations (Degtyareva et al., 2002; Tijsterman et al., 2002) , the frequency of mutation induction in these strains is still not sufficiently high to be able to score it in a single worm culture. Also, the fact that spontaneous mutations do occur in a wild-type background will trouble a screen because a lot of false-positives will emerge that need further filtering.
The odds will be even poorer for the more subtle mutators: although the increase in the level of mutagenesis can be determined when carefully analysed at a single gene resolution, the detection of such genes is likely to be lost in the noise of a genome-wide approach. We previously tested the potential of the unc-93 reversion assay to be used in genome-wide RNAi screens, but came to the conclusion that, although theoretically possible, it is time-and labor-wise unfeasible (G van Haaften, unpublished) .
The answer to this problem could lie in the development of alternative mutator assays that are either more sensitive, such that phenotypes can be detected on a single worm or a small culture scale (see below), or more specific for different types of mutators, thus reducing the background level of mutagenesis. As an example of the latter, the recently identified dog-1 gene (dog for deletion of guanine-rich DNA) is required to prevent deletions specifically at G-tracts (Cheung et al., 2002) . This gene will not be picked up in an unc-93 assay because there are no such substrates in the immediate vicinity of this marker gene. dog-1 was, however, identified as a mutator gene because it segregated a specific type of body morphology mutants; subsequent molecular analysis of these segregants revealed a large G-tract in one of the mutated gene's introns; these types of infrequent events will probably escape detection in high-throughput genomic screens for general mutators. If, however, an assay can be developed that is specific for G-tract instability, the background level of mutation is expected to drop dramatically and as a result other dog loci are likely to be discovered.
C. elegans mutator reporters
Clearly, C. elegans trails other model organisms (specifically E. coli, yeast and mice) with respect to research on genomic instability. However, with the current ability to scan systematically this metazoan's genome by RNAi, it seems worthwhile to implement some of the technology or assays developed in other systems in this research field in an attempt to: (a) complement the set of factors that have already been identified and (b) identify the components of a given pathway that may be specific to multicellular organisms. Following up on mutator assays first used by Miller and co-workers in E. coli (Cupples et al., 1990) and Petes and co-workers in yeast (Henderson and Petes, 1993), we recently created transgenic C. elegans carrying reporter constructs that allow the detection of frameshifts and small insertions or deletions (Tijsterman et al., 2002) . Figure 2 illustrates this single worm assay that is based on an out-of-frame reporter gene (LacZ or GFP can be used) that is brought back into frame by either a frameshift at a microsatellite locus (placed between the open-reading frame (ORF) start codon and the reporters: Figure 2a ) or a small insertion or deletion. If, at some stage during development, a slippage error during DNA replication is fixed into a permanent mutation, restoration of LacZ expression can result. As a consequence, one daughter cell and all its descendents turn blue upon staining for b-galactosidase activity. A nuclear localization signal marks the nucleus of the cells and sublineages that carry the altered construct, allowing us to trace the causal event to a single point in time (and place) during development. Figures 2b and c exemplify such an event in which a frameshift occurred during the formation of the animal's intestine; all intestinal cells that turn blue can be precisely placed on the map of the invariant C. elegans cell lineage. Note also that multiple frameshifts have occurred in this mismatch repair defective animal; cells in other lineages also show b-gal expression (not traced here). In contrast to mismatch repair-proficient animals that occasionally suffer a single hit, mismatch repair-defective animals are often almost completely blue as a result of frequent and early events.
A genome-wide RNAi screen with transgenic animals carrying multiple copies (a so-called simple array) of such a reporter construct identified 61 genes that displayed enhanced levels of genomic instability (Pothof et al., 2003) . Of these, 13 proved to be specific for microsatellite instability, including the four C. elegans (Muller and Fishel, 2002) . Further research is required to establish whether the other genes (eight have clear human orthologs) are also mutators in mammals and whether these constitute the class of as-yet unidentified genes that are causally mutated in HNPCC or HNPCClike patients. For the remaining 48 genes, RNAi-induced genomic instability proved independent of the presence of a microsatellite sequence, suggesting that the molecular lesions that lead to correct LacZ expression occur at alternative DNA substrates. Importantly, all the genes that were identified, and were previously described in some detail, are plausible candidates to be involved in protecting the genome against mutations. These fall into several classes: (i) genes that are linked to DNA replication and repair, (ii) genes involved in the regulation of the cell cycle (and therefore the knockdown probably results in a defect in the appropriate checkpoint phase in which DNA damage can be repaired), and (iii) genes involved in chromatin organization and remodeling. In addition, 29 genes were identified that have not been described previously, many of which have clear orthologs encoded by the human genome. It should be noted that little is known about the action of many of these genes and how they may prevent genomic damage (e.g. it is still not defined which premutagenic lesions are detected in this multicopy reporter assay); however, the mere fact that they are involved in counteracting DNA damage could indicate a preventive role in oncogenic transformation. This particular genome-wide screen also makes another important point concerning RNAi approaches, that is, mutator phenotypes are also detected for genes that are essential for viability or fertility. In such cases, effective knockdown of gene expression results in animal cultures in which the brood size is strongly reduced, and/ or animals do not reach adulthood. There are two reasons why nevertheless the mutator effect can be scored: in sick or dying animals one can still visualize blue patches as a result of b-galactosidase expression, and further more it is known that RNAi is not always fully penetrant; in other words, it does not completely knockdown gene expression (which can also be considered a disadvantage of RNAi). In the latter case, the partial reduction may be sufficient to cause visible mutator effects in some tissues. Note that it would have been difficult to identify such genes in classical genetic mutant hunts: such screens inevitably ignore lethal mutations, and the identification therefore would depend on the possibility that rare reduction of function mutants (hypomorphs) can be isolated.
This screen for genomic instability is just one example of how specific reporter assays can aid in the identification of novel mutator genes; such studies can be extended with the development of similar types of reporters that are able to identify other types of genomic instability (e.g. gross chromosomal rearrangements or telomere shortening).
X-chromosomal nondisjunction and DSB repair
Another type of genomic instability that has been linked to carcinogenesis is gross chromosomal rearrangement such as large deletions, translocations or even complete chromosomal loss (reviewed in Kolodner et al., 2002) . In C. elegans, missegregation of chromosomes (in meiosis) becomes phenotypically visible as the frequent occurrence of males in the self-progeny of hermaphrodites: X-chromosomal nondisjunction during germ cell development will give rise to an XO (male) instead of the usual XX (hermaphrodite) zygote. The frequency of this happening under normal laboratory conditions is approximately 0.1-0.2%; thus, in regular cultures one or two out of a thousand animals is of male sex (in crossprogeny of matings, 50% is male, reflecting the ratio of X and nullo-X sperm that is provided by the male, that is preferentially used to fertilize the hermaphrodite's oocytes; hermaphrodite sperm always contain one X). Mutants have been isolated that display a high incidence of male (Him) phenotype (Hodgkin et al., 1979) varying from only a slight increase to almost half of the self-progeny being male. This phenotype often goes together with massive embryonic lethality (nonviable aneuploid embryos) as the result of autosomal nondisjunction. Although positional cloning of some of these mutants already identified some components required during meiotic division, recently, many more genes involved in meiotic progression (but also germline proliferation and mitotic chromosomal organization and segregation) were identified by a comprehensive RNAi screen targeting 192 genes whose expression profiles were similar to previously identified meiosis genes (Colaiacovo et al., 2002) . By screening for Him, embryonic lethal or sterile phenotypes followed by cytological analysis, strong germline phenotypes were obtained for 27% of the genes tested.
While the vast majority of genes that result in a (strong) Him phenotype upon inactivation are likely to be intrinsic components of the machineries that ensure proper pairing, crossover formation and segregation of chromosomes, it was recently shown that defective signaling of DNA damage, in particular, DNA DSBs also cause this phenotype in C. elegans (Gartner et al., 2000) : mutations in HUS-1, a component of a conserved checkpoint pathway that mediates DNA-damage-induced apoptosis and cell-cycle arrest and includes rad-5 (Hartman and Herman, 1982; Ahmed et al., 2001 ) and mrt-2 (RAD1 in humans; ) result in a moderate Him phenotype (Gartner et al., 2000; Hofmann et al., 2002) . Importantly, it was recently demonstrated that other members of mammalian machineries that sense and repair DNA DSBs (and are causally linked to carcinogenesis) are also required to prevent a moderate but significant increase in Xchromosomal nondisjunction in the worm: RNAimediated inactivation of the orthologs of p53 (cep-1) or BRCA1 (Ce-brc-1), mutated in half of the cases of familial breast cancer, resulted in mild Him phenotypes, 1.4 and 2.5%, respectively (Derry et al., 2001; Schumacher et al., 2001; Boulton et al., 2004) , suggesting that a moderate Him phenotype reflects a defective response to endogenously produced DSBs (see Stergiou and Hengartner, 2004 for an in-depth review on the DNAdamage response pathways in C. elegans). Research in many experimental systems previously showed that correct monitoring and processing of DSBs is essential for maintaining genome stability and provided evidence for a causal link between the generation of DSBs and the induction of mutations and chromosomal translocations with oncogenic potential; defects in many of the components involved in DSB signaling and repair lead to increased predisposition to cancer (reviewed in Jackson, 2002) . Although a great deal of knowledge on the signaling and processing of DSBs exists, it is anticipated that further components await identification, and screening an RNAi library either for mild Him phenotypes or for example, X-ray sensitivity (see below) seems thus a creditable approach, albeit that counting the male : female ratio for 20 000 nematode cultures seems impractical. Perhaps, some shortcuts can be taken as alternative colorimetric approaches exist that might provide sufficient technological advance to search for him genes on a genomic scale. By making use of genetically engineered C. elegans strains that carry a colorimetric reporter (GFP or LacZ) that only express in XO embryos (Rhind et al., 1995; see also Figure 3b ), elevated levels of chromosomal nondisjunction will become visible by the presence of green-fluorescing XO embryos (in the case of GFP) in the uteri of hermaphrodites that were fed on Him-inducing RNAi clones. Such a 'green egg and Him' screen has shown to be successful in forward genetic approaches (Kelly et al., 2000) . Alternatively, C. elegans cultures can be stained with fluorescently labeled wheat germ Agglutinin, a protein that preferentially stains the male copulatory bursa (Link et al., 1988) , principally allowing the rapid identification of males in a mixed population.
Obviously, the most straightforward approach to identify components of the cellular responses to DSBs is to screen the RNAi library for clones that lead to an increased sensitivity to DSB-inducing agents or irradiation, either by measuring the survival of progeny or by monitoring the level of apoptosis in the germ line of exposed animals Gartner et al., 2000) . Although such screens are technically possible, and ongoing (G van Haaften et al, unpublished) , it is likely that only those genes that have a dramatic null phenotype will be identified, whereas more Figure 3 Him phenotype in C. elegans. (a) Body plan of the adult hermaphrodite showing some anatomical features. When maintained as hermaphrodites, mature oocytes (X) pass through the spermatheca and become fertilized by the hermaphrodite's own sperm (X), thus resulting in a zygote of again hermaphrodite sex (XX) that further develops (as eggs) in utero until they are deposited approximately 3 h postfertilization. These hatch and develop into adult worms, completing full circle in a little over 2 days at 251C (14-h embryogenesis and 36-h postembryonic development through four larval stages). Males (X0) can be produced from rare, spontaneous X-chromosomal nondisjunction (0.2%) events or as 50% of the outcross progeny in matings between males and hermaphrodites. Worms with an X : autosome (A) ratio of 1 are hermaphrodites, and those with an X : A ratio of 0.5 are males. The target of the X : A signal is the male-specific switch gene xol-1, the most upstream component of the regulatory hierarchy that controls sex determination and differentiation in hermaphrodite and males (for a review see Meyer, 1997) . (b) xol-1 promoter-driven reporter (LacZ) expression is male specific and most clear at the embryo stage (between 28 cell and comma stage). A Him phenotype is thus observed as the frequent occurrence of blue eggs upon staining the animals with X-gal for b-galactosidase activity, or green eggs when GFP is used as a reporter subtle modulators of the DNA damage response will be missed. As discussed before, more thorough genomic screens (e.g. obtaining X-ray dose-response curves for each RNAi clone) will be out of reach for a C. elegans lab of average size.
An alternative way to get around these shortfalls is to combine several functional genomic approaches. As mentioned above, Colaiacovo et al. (2002) performed RNAi for a restricted set of genes defined by expression profiling. Recently, Boulton et al. (2002) combined highthroughput protein-interaction mapping with RNAi to identify novel genes that are involved in the response to DNA damage. These authors used proteome-wide twohybrid screens to find C. elegans candidate genes, which were subsequently tested by RNAi for several phenotypes indicative of a defective DNA damage response (such as cell-cycle arrest, apoptosis and g-ray sensitivity). This strategy proved to be highly successful as 11 novel genes were identified. Together, these examples illustrate the power of combining complementary genomic approaches, such as protein-protein interaction mapping, transcription profiling and large-scale phenotypic analysis via RNAi.
Synthetic lethal screens by RNAi
Many RNAi knockdowns or deletion alleles that have been created via reverse genetics do not display a phenotype under normal laboratory conditions (Winzeler et al., 1999; Fraser et al., 2000; Gonczy et al., 2000; Giaever et al., 2002; Kamath et al., 2003) . The most likely explanation for most of the null alleles is that the phenotype is subtle and that sophisticated assays are required to reveal the biological consequence of a gene's inactivation. However, an alternative explanation for the failure to observe a phenotype is functional redundancy: either a single homologous protein or an alternative parallel pathway can compensate for the loss of expression of a particular gene. One particular powerful application of RNAi-based genomic approaches in C. elegans lies within the identification of such genetic interactions between genes and pathways: RNAi can be performed on any strain of choice and can thus reveal phenotypes that only appear in specific genetic backgrounds simply by simultaneously screening wild-type and mutant animals. Perhaps, the most promising (first) approach is to screen for synthetic lethal interactions because failure to grow is among the easiest phenotypes to detect and the identification of synthetic lethal interactions in forward mutational screens is difficult (although not impossible). In order to perform synthetic lethal RNAi screens in bulk, we recently established a high-throughput method in which worms were cultured in liquid in a 96-well format, with each well containing a different RNAi clone. Since the glycerol stocks (of the RNAi library), bacterial and worm cultures are all in a 96-well format, the number of practical steps are reduced to a minimum, making rapid and also (semi-) automated high-throughput analysis possible. With this method, we recently identified novel components of the C. elegans cellular response to DSBs, by screening the RNAi library for clones that induce lethality in strains that suffer from enhanced levels of endogenous DSBs produced as the result of transposon hopping (van Haaften et al., 2004) . In this screen, wild-type control and mutant worms were cultured side-by-side to facilitate visual inspection but also to avoid the still substantial degree of experimental variation that seems unavoidable when RNAi experiments are performed on a genomic scale (Simmer et al., 2003) . Similar to the recent approaches in yeast (Tong et al., 2001 (Tong et al., , 2004 Ooi et al., 2003) , synthetic lethal RNAi screens in C. elegans can be used to identify genetic networks simply by scaling the approach to parallel screenings of many mutants expected to have some form of functional overlap; with respect to studies on genomic instability, synthetic lethal screens are currently in progress using deletion alleles of known DNA repair and signaling genes. In addition, genome-wide synthetic screens can also be designed towards more subtle phenotypes that are either precedented by known interactions or directed against anticipated synergistic effects. As an example of the latter, performing the previously described Him screen (depicted in Figure 3b ) not only on wild-type animals but, for instance, also on p53 (cep-1) mutant animals might identify genes that synergistically increase (or decrease) genomic instability in such a sensitized genetic background.
